Abstract: Irradiation techniques are widely used for carrier lifetime control in power devices. Improvements of irradiated devices were usually realized by a number of experiments. The use of an extended recombination model allows improved device simulations which explain the temperature dependencies of stationary and dynamical characteristics. Due to that progress device simulation is able to support development and optimization of irradiated devices.
I. INTRODUCTION
Lifetime killing is usually used for optimization of power device characteristics because of the very good reproducibility. By applying irradiation (e.g. with electrons, with protons or with alpha particles), it is possible to generate homogenous or local lifetime profiles as well which is another advantage compared to the well-known recombination centers gold and platinum [l] . Furthermore, the temperature dependencies of irradiation-induced centers are different than by using platinum or gold [2] which results in different temperature-dependent properties of the devices. To explain the behavior of irradiated devices it is necessary to consider a number of recombination centers since different centers may control device characteristics under different conditions. Based on DLTS (Deep Level Transient Spectroscopy) and lifetime measurements [3, 4] , the center properties of the most important traps after electron or helium irradiation and annealing with a temperature above 300°C have been determined in previous work [5, 6] .
Introducing these parameters into simulation and the use of an extended recombination model explains static and dynamic device characteristics in a wide temperature range.
RECOMBINATION MODEL
Irradiation generates centers with different energy levels in the band gap of Silicon semiconductors. Each I level may act as an effective recombination center where the total recombination rate results from the emission and capture processes of each single level as illustrated in figure 1. Thus an advanced recombination model is used which includes full trap dynamics of a number of independent recombination centers as fully described in [6] . This model allows the simulation of the complete dynamical behavior of a device with more than one recombination level under different conditions and considers the trap charging processes as well. For all simulations, the 2D device simulator TeSCA is used [7] . TeSCA solves the three fundamental equations -the Poisson equation and the electron and hole current continuity equation. For considering deep traps, these equations have to be extended. In the Poisson equation (1 ), the charged recombination centers have to be considered:
In the continuity equations, the thermal capture and emission processes of carriers via the deep levels within the band gap lead to additional recombination terms as shown in equations ( 2 ) and (3). The occupancies of the acceptor or donator traps are evaluated from the balance equations (4) and (5). 
--
Samples were prepared using the Semikron CAL-diode (CAL: Controlled Axial Lifetime) production line. All devices have an active area of 6 " ' and were annealed at over 300°C for one hour. Sample EH contains the most important lifetime adjustment steps of the CALdiode. In order to perform DLTS measurements, the junction depth of the Helium only radiated devices was reduced as shown in Table 11 . Furthermore, in Sample HI, the Helium dose was reduced to 10% of sample EH to allow the evaluation of the electric parameters of the recombination centers. The rated current is about 10A (166A/cm'), the rated voltage is 1200V. Table 11 . Therefore, the value of this electron capture rate shows some small derivations compared to 161 which are within the error limits of the measurement techniques. The concentration dependence of the generated recombination centers on irradiation dose is approximately linear as shown in figure 2. The trap E(230K) is not found in the 1.IMeV electron irradiated samples due to the annealing process. DLTS measurements were also used for the determination of the concentration profiles in the helium radiated samples. Due to the high concentrations, only the profile of E(230K) in sample H1 was detectable. For the traps H(195K) and E(90K) the same profile is assumed and the peak concentrations are approximated from the amplitude of the DLTS signal compared to the DLTS signal of E(230K). For an approximation of the profiles in sample H2, lifetime measurements were used for the estimation of the highinjection lifetime. The high-injection lifetime represents an average lifetime depending on the recombination center maximum [8] . Figure 3 shows simulated and measured characteristics for different samples at temperatures of 300K and 400K. Since series resistances such as bonding wires influences the forward characteristics, these resistances and their temperature dependencies were measured and hrther eliminated in the measurement results. The comparison between measurements and simulations shows good accordance for the non-and electron-irradiated samples while we found some discrepancies at the helium and the helium-and electron-irradiated devices. This might be caused by the uncertainties in the concentration profile estimation as stated before. Here, further efforts in the concentration profile determination are necessary. 4 . Here, the forward voltage dependency of the electron-irradiated samples on temperature at nominal current is shown. The good accordance of simulations and measurements gives evidence about correctly estimated parameters of the dominant center E(90K). Using simulations, reverse recovery behavior i s studied and compared to measurements. Figure 5 shows the reverse recovery waveforms for different samples. Again a good accordance of simulated and measured waveforms is found. Furthermore, figure 5 shows the consequences of the application of different irradiation types. Obviously, the combination of electron and helium irradiation leads to the lowest turn-off losses. For optimization purposes of irradiated power devices , the use of device simulation now offers enhanced possibilities since both, stationary as well as dynamic behavior, are correctly calculated by the simulation tool.
Sample
Another possibility offered by the use of device simulation is to look inside the device. Under normal operating conditions, a sinusoidal current is often chopped at lower than rated current. In fact, low current is a critical condition for the reverse recovery of a freewheeling diode since the number of stored camers is significantly reduced which often leads to a snap-of in the reverse current. This results in overvoltages and/or oscillations due to parasitic inductances. Figure  7 compares the reverse recovery of the snappy sample llE3 (left side) and the soft sample EH (right side) at low current density of app. 10% of the rated current density.
The explanation for the different behavior of this samples is shown in figure 8 . There, the hole camer densities of the snappy and the soft freewheeling diode are shown. In the snappy device, the carriers at the nn+-junction are already strongly reduced while at the same time there are still carriers at the pn-junctions side. To prevent snap-of during reverse recovery the number of holes at the pn-junction should be slightly lower than the number of electrons at the nn'-junction as shown on the right side of figure 8. Here, even at the end of the reverse recovery process a small number of carriers is found which results in a soft current tail. Thus, simulations may be used for the explanation of device behavior, resulting in a better understanding of the device. 
